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Addendum to the WVU report 
 
 
INTRODUCTION  (WVU REPORT VERSION) 
 
We are including here in its entirety the summary report prepared by both partners and 
submitted from our collaboration by the leading PI, Dr Neal Clinthorne. In addition, we are 
commenting on the synergy of the project from the WVU perspective.  
 
THE PROJECT’S SYNERGY (WVU REPORT VERSION) 
 
The synergy of the project, especially in its initial phase, is in the complementary roles and 
strengths of the two partners. (The WVU group is the minority partner in this project with 
most of the resources for the effort going to UM.) The UM group had the initial idea of a 
dedicated prostate PET with a probe. UM also did the simulations of the system. The WVU 
group, benefiting from their unique technical skills, built the very high performance (sub-
mm 3D resolution) PET probes (with DOD funds but also with other matching funds). The 
UM built the PET scanner to operate with the WVU prototype probe(s), and perfected the 
simulations and reconstruction algorithms. The WVU developed additional probes as 
alternatives to the first probes. These complementary key efforts were done in parallel at 
UM and WVU until the last phase when the assembly and operation of the whole system 
takes place at UM.  
Due to the outstanding progress in the PET probe instrumentation development achieved at 
WVU, the side spin-off efforts were initiated early in the process, with new partners 
interested to be involved in the prostate PET instrumentation. As an expression of the 
successful partnership, WVU and UM decided to initiate together other projects. Some of 
the additional interested partners are Siemens and JHU.  
In addition, sparked by the initial development, the WVU group developed other options 
for the prostate PET imaging, beyond the initial scope of the common project. Several 
stand-alone PET systems were constructed utilizing the PET probes. The plans are 
underway to combine the PET modality with ultrasound to improve prostate biopsy 
guidance. Industrial partners were also identified and there are plans for common efforts to 
develop marketable mobile high performance dedicated prostate PET imagers. One of the 
concepts for the dedicated prostate PET was awarded with a US patent.  
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a b s t r a c t

PET scanners with high spatial resolution offer a great potential in improving diagnosis, therapy
monitoring and treatment validation for several severe diseases. One way to improve resolution of a PET
scanner is to extend a conventional PET ring with a small probe with excellent spatial resolution. The
probe is intended to be placed close to the area of interest. The coincidences of interactions within the
probe and the external ring provide a subset of datawhich combinedwith data from external ring, greatly
improve resolution in the area viewed by the probe.

Our collaboration is developing a prototype of a PET probe, composed of high-resolution silicon pad
detectors. The detectors are 1 mm thick,measuring 40 by 26 mm2, and several such sensors are envisaged
to either compensate for low stopping power of silicon or increase the area covered by the probe. The
sensors are segmented into 1 mm3 cubic voxels, giving 1040 readout pads per sensor. A module is
composed of two sensors placed in a back-to-back configuration, allowing for stacking fraction of up to
70%within amodule. The pads are coupled to a set of 16 ASICs (VaTaGP7.1 by IDEAS) permodule and read
out through a custom designed data acquisition board, allowing for trigger and data interfacing with the
external ring.

This paper presents an overview of probe requirements and expected performance parameters. It will
focus on the characteristics of the silicon modules and their impact on overall probe performance,
including spatial resolution, energy resolution and timing resolution. We will show that 1 mm3 voxels
will significantly extend the spatial resolution of conventional PET rings, and that broadening of timing
resolution related to varying depth of photon interactions can be compensated to match the timing
resolution of the external ring. The initial test results of the probe will also be presented.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

The spatial resolution is an important characteristics of a PET
scanner. In early 2000’s (all numbers according to NEMA NU
2-2001 Performance Measurement of Positron Emission Tomo-
graphs standard [1]) the barwas set at around6 mmat the center of
the field-of-view (FOV) by either BGO [2] or LSO [3] based scanners.
The resolution is closely related to the size of the sensitivematerial
segmentation, so smaller crystals are used to improve the resolu-
tion. In state-of-the-art whole-body scanners a resolution of 4 mm
[4,5] is achieved at the expense of 2–3 fold increase of crystal count,
reflected in increased complexity of the associated readout. Alter-
natively, dedicated high-resolution scanners achieve high-resolu-
tion by sacrificing the size of the FOV, as in a brain imager like

Siemens’ HRRT at 2 mm resolution [6], or pre-clinical devices like
micro PET at 1 mm [7] or Siemens Inveon at 1.8 mm [8].

The PET probe is an emerging concept [9–12], where the large
FOV of the basic scanners is combinedwith a dynamically allocated
small region of interest where spatial resolution compares to
dedicated small FOV devices. The principle is illustrated in Fig. 1.
The external ring, illustrated with big cubes, represents conven-
tional PET ring detectors. The small cubes, placed inside the big
ring, represent the high spatial resolution detectors, equippedwith
a motion tracker to register their positions with respect to the
external ring. The line of response for the conventional ring is
painted in dark shade of gray and labeled ring–ring, while the line
of response for an event that interacted in probe on one side and in
the ring on the other side, is painted light gray and labeled probe–
ring. One can appreciate that the volume contained in the probe–
ring response is much smaller than in the ring–ring response,
hinting at the improved image quality for events obtained in the
ring. Further discussion will assume a recent whole-body human
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PET scanner [4,5] extended with a probe as described in the
following text.

Within the MADEIRA collaboration a probe detector prototype
was developed with a single module shown in Fig. 2. The sensitive
part of each module is a pair of sensors, each measuring 40 by
26 mm2, 1 mmthick, placedback-to-backwith a separation around
0.8 mm. Each sensor is segmented into 1040 1 mm2 square pads.
The pads are read out through eight application specific integrated
circuits (ASICs) per detector. ASICs are called VATAGP7.1 and
designed and manufactured by Gamma-Medica-Ideas [13]. Each
ASIC hosts 128 parallel readout channels, each channel composed
of a common charge-sensitive amplifier, its output split into two
shaper lines. The fast shaper with a shaping time of 150 ns is fed
into a leading edgediscriminator for a trigger signal,which is OR-ed
among all channels on theASIC. The slow shaper has a shaping time
of 500 ns and is buffered through a sample and hold circuit via a
shift register to the analog output. The ASICs are placed four per
board on a custom made PCB. A total of 16 ASICs is required per
module, and multiple modules are envisaged for higher probe
efficiency. Downstream electronics is routed through VME crate
and connected to a PC, which is used as control and storage device.
Evaluation of the sensor and electronics can be found in Ref. [14].

This paper will compare the properties of the described proto-
type to the requirements posed by the PET probe principle. This
introduction is followed by evaluation of the spatial uncertainty of
the line of response of probe–ring events, a discussion on probe
sensitivity compared to the external ring, description of a strategy

to remove scattered events, followed by characterization of impact
of timing properties of the probe. In summary, the overall effec-
tiveness of the probe is estimated.

2. Spatial resolution of the probe–ring events

We want to estimate the intrinsic resolution of the line of
response between a probe (1) and a ring (2). The resolution of both
is given as sD,1 and sD,2 along the depth, and sC,1 and sC,2 on the
detector face (circumference resolution). We are assuming an
annihilation at a distance d1 from the first, and d2 from the second
sensor, both parameters described by the total distance d¼d1+d2
and a¼ d1=ðd1þd2Þ. We also want to account for impact angles, y1
and y2, defined versus line perpendicular to detector face. Using
geometry one can show that the FWHM of the resolution uncer-
tainty in the direction perpendicular to the line of response is

RD ¼ 2:35
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðð1%aÞ2ðsin2y1s2

D,1þcos2y1s2
C,1Þþa2ðsin2y2s2

D,2þcos2y2s2
C,2ÞÞ

q
:

ð1Þ

The resulting resolution variation along the line connecting the
detector pair is given in Fig. 3. The resolution of the ring detector
was taken to besC,2 ¼ sD,2 ¼ 6 mmand the total separation d of the
detectors was 40 cm. Three curves are shown for probe resolutions
sD,1 ¼ sC,1 ¼ 1,2 or 3 mm FWHM. The uncertainty remains small
even for substantial distances (5–10 cm) of probe from the
annihilation position. Another benefit of the probe arrangement
is that close to the probe the acollinearity uncertainty, approxi-
mated as RA & 0:0088 ' d1d2=ðd1þd2Þ, is fairly small, 0.66 mm at
10 cm, and since it has to be added in quadrature to the total
uncertainty, the plot in Fig. 3 can be viewed as the total uncertainty
of the line of response.

By using pads with 1 mm side, the expected resolution of the
probe–ring events is 1–1.5 mm, depending on the distance. The
inherent spatial resolution, however, is not always reflected in
actual reconstructed images. For the reconstruction the dominant
ring–ring events have to be combined with the probe–ring events
to alleviate the limited angle tomography artifacts. The important
phenomena to be aware of is the variance-resolution trade-off,
which will be influenced by many factors, the portion of the probe
data relative to ring data and the properties of the imaged object
itself amongotherswhichmakes it hard to assess the reconstructed
resolution in general. However, a study in small animal PET [12]
showed a promising reduction in image variance with probe data

Fig. 1. Illustration of the Pet probe insert principle. Description in the text.

Fig. 2. Photograph of a single detector module of the probe prototype.
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when targeted resolution (parameterized as bias in the cited study)
is lowered in the reconstruction.

3. Efficiency of a silicon probe

To estimate the relative efficiency of the probe, we performed a
Monte-Carlo simulation using Geant4 [15] to track the annihilation
photons. Twodetectorswere used: a full 2 cmthick and16 cmwide
ring of LSO with a diameter of 80 cm and a single 1 mm thick layer
of the 40 by 26 mm2 probe. A note on orientation labeling: the
direction along the ring axis is called down-to-up, and the ring
plane is spanned by a back-to-front and a left-to-right axes. The
probe was placed in the ring, displaced for 12 cm in back-to-front
direction and centrally in all other directions. To estimate sensi-
tivity, a barrel ofwaterwith elliptical cross-sectionwas centered in
the ring. The barrel was 60 cm long, the cross-section had a half-
axis of 20 cm in left-to-right direction and 10 cm in back-to-front
direction. Back-to-back photons were generated uniformly within
the barrel. The following event properties were observed and
recorded for each event:

( position of emission;
( scattering in the barrel prior to interaction;
( energy of interaction in sensitive detectors;
( energy of photons prior to interaction in the sensitive detectors.

Events were classified as clean if energy of photons prior to
interaction in the sensitive detectors was above 450 keV, and
scattered otherwise. Table 1 shows relative frequencies of different
event types. The relative frequency (for a single probe layer) of
probe–ring events was one in a thousand ring–ring events.

However, the distribution of probe–ring and ring–ring events
within the barrel is significantly different, which is depicted in
Fig. 4. The histograms in the figure are two slices (sagittal and

transverse) of the three-dimensional array of cubic voxels with a
side of 2 cm. The content of each voxel is the ratio of clean probe–
ring events to clean ring–ring events which originated within this
voxel. Close to the probe (positive direction of back-to-front axis)
the ratio is close to 1% for a single probe layer. For a 4–6 layer probe,
the local efficiencies of 5% can be expected in regions close to the
probe where the spatial resolution is excellent.

3.1. Classification of scattered events in a silicon probe

Themost probable interaction of a 511 keV annihilation photon
in a silicon detector is a Compton interaction, which prevents
ordinary recognition of the scattered events as those with energy
off the photo-peak. Nevertheless, we attempted to separate
scattered and clean events based on interaction energy in the
probe. Histogram in Fig. 5 shows distribution of simulated events
with respect to the energy of the Compton electron. The dark-
shaded histogram shows distribution for clean, non-scattered
events, whereas the light-shaded histogram drawn on top is its
equivalent for the scattered events. There is a clear tendency for
non-scattered events to excitemore energetic electrons, so a cut on
the continuous spectrum is possible. The energy resolution in
siliconprobe is around2 keV [14], sufficient for optimizationon the
energy cut. An arbitrary cut at 100 keV yields properly recovered
(true-positives) andmis-recovered (false-positives) events given in
Table 1.

Table 1
The relative frequencies of event outcome for the generation of 2 million photon
pairs. /NS stand for the number of events averaged over multiple runs. Recovered
events Nrec and mis-recovered events Nmis-rec are obtained for 100 keV threshold on
energy in probe.

Event type /NS Nrec Nmis-rec

Probe only (singles) 218.6
Ring only (singles) 632k
Probe–ring (all) 40
Probe (clean)–ring (any) 12.4 6.7 1.7
Probe (clean)–ring (clean) 3.1 1.6 0.6
Ring (any)–ring (any) 49k
Ring (clean)–ring(clean) 4.6k
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Fig. 4. Two slices (top: sagittal, bottom: transverse) of the three-dimensional voxel array giving ratio of clean probe–ring to ring–ring events for a single probe layer and
conventional PET ring.
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4. Timing properties

Timing of the probe is important in terms of coherence with an
external ring. Results from previous section were used in deter-
mining the probability of (1) any photon from the barrel giving an
interaction in the ring, p1 ¼ 632k/2 M ¼ 0.32 and (2) the second
photon to interact in the ring if the first one interacted in the probe,
p2 ¼ 40/218.6¼0.18. We assume that a silicon interaction opens a
time window with duration tw. The probability of a random ring
event is given as pR¼1%exp(%twp1A), where A is the total activity
within the barrel (or the body) which is shown as solid curves in
Fig. 6 for activities of 25–200 MBq. The maximum probability of a
true event pT within any tw is given by p2. Any imperfection of the
probe detector will further degrade pT. In
Ref. [16], the timing distributions for a silicon probe were esti-
mated. Sliding awindowwith a duration of tw over the distribution
yields an optimumdelay tD such that the number of eventsNDwith
trigger times between tD and tD+tW is maximal. Calculating the
ratio of ND to all coincidence events yields a degradation factor
pD(tW)¼ND/Nall. In Ref. [16], the pDwere estimated for a 1 mm thick
probes (labeled as efficiencies), and scaling them by p2 yields an
inverted trianglemarked graph in Fig. 6. The pD for a simulated pair
of detectors with halved the thickness as simulated in Ref. [14] and
scaled with p2 is graphedwith open circles, showing a significantly
improved performance. Usefulness of current probe is limited to a
setup, where the activity is below 25 MBq.

5. Summary

The PET probe concept aims at extending the spatial resolution
of a general purpose PET scanner in a dynamically allocated region
of interest. The expected resolution equals that of the probe
detector to within 10 cm of the probe, and furthermore, the

resolution is not degraded by negligible acollinearity contribution
at such short distances. A probemadeof segmented silicondetector
can provide spatial resolution of 1 mm FWHM, comparable to
dedicated high-resolution PET scanners, and reasonable thick-
nesses of detectors provide sensible portions of probe–ring data
in ring–ring data set. By using the energy resolution of the silicon
probe, the events scattered prior to probe interaction can be
distinguished from scattered events with reasonable efficiency.
Timingof the probe is important, and siliconprobe canonly operate
at moderate administered activities. Alternatives without sacrifi-
cing the other beneficial properties are possible and will be
evaluated. Nevertheless, the current silicon probe is well adapted
to the requirements of the probe concept, providing a moderate
object radioactivity, and will provide experimental means to
confirm the expected PET probe benefits.
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Fig. 6. Effect of imperfect timing resolution of the probe on collection of events.
Probability of a random coincidence is shown with solid lines for the labeled total
body activity. The inverted triangles show the comparable performance of a 1 mm
thick probe, and open circles show the estimated performance of probe combined
from a pair of detectors with half (0.5 mm) thickness. Dashed line shows the
maximum possible probability of a probe–ring interaction, given by p2.
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13?.*)+,.9'(13'.2+(,9(2*3E'!H,?'@,**'(**.@'?,>9,<,D(9+'13/)D+,.9'
.< ' 9.,?3 ' (**.@,9> ' ,9D13(?,9> ' .< ' :F7RF$C7EE ' G ' B.@31<)*'
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BH(9+.-?'(9/'3K39''@,+H'2,>'(9,-(*'-./3*?E

7$5$7$FC$:

LMN YE'o3**.<'3+'(*6'pCH(**39>3?',9'C*,9,D(*'#1.?+(+3'C(9D31&'7.*3'.<'
8-(>,9>p#1K,LMNO+#K:2.#OPPN+#>9"#MQRR"
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:3B+3-231'UWWq'(9/'B31?.9(*'D.--)9,D(+,.9E
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LgN t=3?,>9'(?B3D+?'(9/'B1.+.+0B3'+3?+'.<'('K310'B13D,?3'!=C'?0?+3-'
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"#$!%&'()!*$+$',)&-+!.'-)-)/0$!-1!,!23'4&5,6!
.7"!89,4&+4!.'-:$!2/()$9!

2,9!2;!<3#=!7'&5!>-5#',+=!?6,3(!<-+(5#$&@=!<,''&(!?,4,+=!2#,+$!29&)#=!A;!B;!C-4$'(=!,+@!D$,6!<;!>6&+)#-'+$!

 !"#$%&'$(!"#$"%&'()&*$+,)%$'-$&,$.#,/'0*$1,2&'2","-%3$".0)&*0$
450'(*2-',2)%$#*1,2-&#"1&*0$678$'()+*-$0"#'2+$-"#+*#3$&9)&$)#*$
#*5.#,:*1&*0$'2$#*)%$&'(*$,2&,$)$.%)2*$;9,-*$,#'*2&)&',2$'-$0#'/*2$
<3$ )$ &#)1='2+$ 0*/'1*>$ 89*$ '2&#)5,.*#)&'/*$ 678$ '()+'2+$ .#,<*$
-3-&*($ 1)2$ <*$ /'*;*0$ )-$ )$ 9)209*%0?$ 1%'2'1')25+"'0*0$ 1)(*#)$
1).)<%*$,@$-**'2+$&9*$0'-&#'<"&',2$,@$&9*$#)0',&#)1*#>$A*$.#*-*2&$
&9*$ @'#-&$ +*2*#)&',2$ ,@$ &9*$ 678$ '()+'2+$ .#,<*$ -3-&*(>$ 89*$
.#,&,&3.*$ ,@$ &9*$ @'#-&$ +*2*#)&',2$ ,@$ &9*$ 678$ '()+'2+$ .#,<*$
-3-&*($1,2-'-&-$,@$)$.'B*%)&*0$C)DE8%F$0*&*1&,#$)20$)$.)#&')%$#'2+$
0*&*1&,#>$G$ /)#')2&$ ,@$ )$ ,2*5.)--$ %'-&5(,0*$ ,#0*#*0$ -"<-*&-$HI$
)%+,#'&9($ &9)&$;)-$ '2&*+#)&*0$;'&9$ )$ #,;5)1&',2$HI$ )%+,#'&9($
;)-$ "-*0$ &,$ #*1,2-&#"1&$ '()+*->$ 6)#)%%*%$ '()+*$ #*1,2-&#"1&',2$
"-'2+$)$+#).9'1-$1)#0$;)-$"-*0$&,$-.**0$".$'()+*$#*1,2-&#"1&',2>$
89*$-.)&')%$#*-,%"&',2$'2$&9*$&#)2-/*#-*$0'#*1&',2$;)-$1%,-*$&,$&9*$
C)DE8%F$1#3-&)%$-'J*>$89*$*%,2+)&',2$'2$&9*$ %,2+'&"0'2)%$0'#*1&',2$
0"*$&,$%'('&*0$)2+%*$&,(,+#).93$;)-$2,&$-*/*#*>$

8;! 8D"CEFG>"8ED!
E28"CED!79&((&-+!"-9-4',0#/!H.7"I!&(!,+!$11$5)&J$!
@&,4+-()&5!&9,4&+4!9$)#-@!1-'!&@$+)&1/&+4!,+@!6-5,)&+4!

)39-'(;!.7"!&9,4&+4!5,+!,6(-!&@$+)&1/!13+5)&-+,6!5#,+4$(!@3$!
)-!)39-'(;!K,($@!-+!)#$!0'$-0$',)&J$!@&,4+-()&5!(5,++&+4=!
-+5-6-4&()(!9,L$!@$5&(&-+(!M#$)#$'!-'!+-)!)#$!)39-'(!,'$!
(3'4&5,66/!'$9-J,:6$;!>-+J$+)&-+,66/!&1!)#$!)39-'(!,'$!
(3'4&5,66/!'$9-J,:6$=!(3'4$-+(!6-5,)$!,+@!'$9-J$!)#$!)39-'(!
@3'&+4!(3'4$'/!:,($@!-+!)#$!0'$-0$',)&J$!&9,4$(;!E+$!-1!)#$!
@',M:,5L(!-1!3(&+4!-+6/!0'$-0$',)&J$!&9,4&+4!&(!)#,)!)39-'!
6-5,)&-+(!5-36@!:$!@&(06,5$@!@3$!)-!0,)&$+)(N!9-J$9$+);!O(!,!
'$(36)=!(3'4$-+(!#,J$!)-!0,/!$P)',-'@&+,'/!,))$+)&-+!)-!6-5,)$!
6$(&-+(!@3$!)-!)#$!0,)&$+)(N!9-J$9$+);!7J$+!,1)$'!(3'4$-+(!
6-5,)$!6$(&-+(=!)#$!5-906$)$!'$9-J,6!-1!)39-'(!&(!-1)$+!,!
@&11&536)!),(L!:$5,3($!)#$!9,'4&+!-1!)39-'!9,/!:$!#,'@!)-!
@$6&+$,)$;!E+$!-1!)#$!'$,(-+(!)-!,553',)$6/!&@$+)&1/!)#$!9,'4&+!
&(!)#$!@$(&'$!)-!0'$($'J$!,(!935#!#$,6)#/!)&((3$!,(!0-((&:6$!
M&)#-3)!6$,J&+4!,+/!'$(&@3,6!)39-';!
O+-)#$'!&90-'),+)!&((3$!@3'&+4!(3'4$'/!&(!)-!@&(5-J$'!(9,66!

)39-'(!)#,)!,'$!+-)!@$)$5)$@!&+!0'$-0$',)&J$!.7"!&9,4&+4;!
E5536)!)39-'(!)#,)!(3'J&J$!(3'4$'/!5,+!6$,@!)-!'$53''$+5$;!8)!&(!
M$66!L+-M+!)#,)!$,'6/!@$)$5)&-+(!-1!)39-'(!5,+!&+5'$,($!)#$!
6&1$!(0,+!,+@!)#$!Q3,6&)/!-1!0,)&$+)(N!6&1$;!C$6&,:6$!@$)$5)&-+!-1!
)39-'(!)#,)!,'$!6$((!)#,+!R!59!&+!@&,9$)$'=!#-M$J$'=!'$9,&+(!,!
5#,66$+4$!&+!5-+J$+)&-+,6!M#-6$S:-@/!.7"!&9,4&+4;!7J$+!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!
T,+3(5'&0)!'$5$&J$@!D-J$9:$'!RU=!VWRW;!!
2,9;!2;!<3#! &(!M&)#! )#$!K&-9$@&5,6!7+4&+$$'&+4!F$0,')9$+)=!G+&J$'(&)/!

-1!T&5#&4,+=!O++!O':-'=!T8!XYRWZ!G2O! H)$6$0#-+$[!\UXS\]XS\R\\=!$S9,&6[!
#3#((!^39&5#;$@3I;!!
7'&5;!>#-5#',+=!2#,+$!29&)#=!?6,3(!<-+(5#$&@=!,+@!<,''&(!?,4$+!,'$!M&)#!

)#$! F$0,')9$+)! -1! .#/(&5(=! E#&-! 2),)$! G+&J$'(&)/=! >-639:3(=! E<! XUVRW!
G2O;!H)$6$0#-+$[!]RXSVZVS\UUR=!$S9,&6[!5-5#',+;RZU^-(3;$@3I;!
D$,6;! <;! >6&+)#'-+$! &(! M&)#! )#$! F$0,')9$+)! -1! C,@&-6-4/=! G+&J$'(&)/! -1!

T&5#&4,+=!O++!O':-'=!T8!XYRWZ!G2O!H$S9,&6[!+56&+)#-^39&5#;$@3I;!
A;!B;!C-4$'(!&(!M&)#!)#$!K&-9$@&5,6!7+4&+$$'&+4!F$0,')9$+)=!G+&J$'(&)/!

-1!T&5#&4,+=!O++!O':-'=!T8!XYRWZ!HM;6;'-4$'(^39&5#;$@3I;!

)#-34#!)#$!-+S,P&(!&+)'&+(&5!'$(-63)&-+!-1!53''$+)!.7"!@$J&5$(!
5,+!:$!_`!99!%A<T=!)#&(!1&43'$!&(!','$6/!,5#&$J,:6$!&+!
56&+&5,6!3($!:$5,3($!-1!:,5L4'-3+@!,5)&J&)/!&+!+$,':/!)&((3$=!
(),)&()&5,6!+-&($=!,+@!6,5L!-1!@$0)#!'$(-63)&-+!&+!)#$!@$)$5)-'(;!!
8+!,@@&)&-+=!)#$!'$6,)&J$6/!6,'4$!'&+4!@&,9$)$'!-1!)#$!M#-6$S
:-@/!.7"!(5,++$'(!)$+@(!)-!13')#$'!'$@35$!)#$!(0,)&,6!
'$(-63)&-+!@3$!)-!,++&#&6,)&-+!0#-)-+!,5-6&+$,'&)/;!!
!"#$%&'(%#(!&+)',S-0$',)&J$!0'-:$(!#,J$!@$9-+()',)$@!

$11$5)&J$!)39-'!@$)$5)&-+(!@3'&+4!(3'4&5,6!'$9-J,6!-1!
'$9-J&+4!6/90#!+-@$(;!8+!-'@$'!)-!6-5,)$!(9,66!)39-'(!,+@!)#$!
'$(&@3,6(!-1!)39-'!@&(($5)&-+!9-'$!$11$5)&J$6/=!8+)',S-0$',)&J$!
%&'(%#(!0'-:$(!,'$!0'$1$''$@;!89,4&+4!0'-:$(!5,+!@&(06,/!VS
@&9$+(&-,6!&9,4$(!(-!)#,)!(3'4$-+(!-'!56&+&5&,+(!(0$+@!6$((!
)&9$!6-5,)&+4!6$4&-+(;!
E+$!(5$+,'&-!&(!)-!@&'$5)6/!@$)$5)!:$),!0,')&56$(!1'-9!',@&-S

&(-)-0$(! $9&))&+4! :$),! 0,')&56$(;! K$),! 0,')&56$(! M&)#! (#-')!
0$+$)',)&-+! ',+4$(! 5,+! :$! 3($@! )-! ,5#&$J$! #&4#! (0,)&,6!
'$(-63)&-+;! O6)#-34#! )#&(! &(! ,))',5)&J$! 1'-9! )#$! J&$M0-&+)! -1!
'$@35&+4!$11$5)(!-1!`RR!L$a!:,5L4'-3+@!1'-9!$6($M#$'$!&+!)#$!
:-@/! @3$! )-! )#$! 0-(&)'-+S$6$5)'-+! ,++&#&6,)&-+=! :$),! 0,')&56$(!
#,J$! (#-')! 0-(&)'-+! 0$+$)',)&-+! ',+4$(! 6&9&)&+4! )#$! 9$)#-@N(!
3)&6&)/! &+! @$)$5)&+4! @$$0! ($,)$@=! (9,66! )39-'! 1-5&! :$6-M! )#$!
(3'1,5$!-1!$P0-($@!)&((3$;!
8+!-'@$'!)-!@$)$5)!@$$0S($,)$@!)39-'(=!4,99,S',/!($+(&)&J$!

&9,4&+4!0'-:$(!,'$!9-'$!(3&),:6$!)#,+!:$),!0,')&56$!($+(&)&J$!
&9,4&+4!0'-:$(;!<-M$J$'=!3($!-1!(&+46$!0#-)-+!@$)$5)&-+!
)/0&5,66/!,)!`RR!L$a!'$(36)(!&+!,!:'-,@!0-&+)S(0'$,@!13+5)&-+!
@3$!)-!)#$!6-+4!,))$+3,)&-+!6$+4)#!&+!J&')3,66/!,66!9,)$'&,6(!)#,)!
,'$!3($@!1-'!5-66&9,)&-+;!!!
8+! -'@$'! )-! -J$'5-9$! )#$! @',M:,5L(! -1! )#$! )M-! )/0$(! -1!

&9,4&+4! 0'-:$(=! M$! #,J$! :$$+! &+J$()&4,)&+4! ,! (9,66=! #&4#!
'$(-63)&-+! .7"! &9,4&+4! 0'-:$! )#,)! -0$',)$(! &+! 5-&+5&@$+5$!
M&)#! ,! ($49$+)! -1! ,! 5-+J$+)&-+,6! .7"! (5,++$';! "#$! #&4#!
(0,)&,6! '$(-63)&-+! &+)',S-0$',)&J$! &9,4&+4! 0'-:$(! 5,+! #$60!
(3'4$-+(! @$)$'9&+$! 6-5,)&-+(! ,+@! $P)$+)! -1! 0'&9,'/! )39-'(!
@3'&+4! (3'4$'/! ,+@! &@$+)&1/! 936)&1-5,6! @&($,($;! "#&(! .7"!
&9,4&+4! 0'-:$! (/()$9! &(! :,($@! -+! 0'$J&-3(! ()3@&$(! -+! #&4#!
'$(-63)&-+!&9,4&+4!(/()$9(!bRc=!bVc;!
8+! )#&(! ()3@/=! M$! 0'$($+)! ,! 0'-)-)/0$! -1! )#$! .7"! &9,4&+4!

0'-:$! (/()$9! ,(! 0,')! -1! ,! 0'$6&9&+,'/! ()3@/! -1! ,+! &+)',S
-0$',)&J$!0-(&)'-+!$9&((&-+!)-9-4',0#/!H.7"I!&9,4&+4!0'-:$!
(/()$9! )#,)! 0'-J&@$(! '$5-+()'35)$@! &9,4$(! &+! '$,6! )&9$;! "#$!
0'-0-($@! .7"! &9,4&+4! 0'-:$! (/()$9! 5-+(&()(! -1! ,! 6-M!
'$(-63)&-+!0,')&,6! '&+4!@$)$5)-'!,+@!,!#&4#! '$(-63)&-+! &9,4&+4!
0'-:$! )#,)! &(! $Q3&00$@! M&)#! ,! 0-(&)&-+! )',5L$';! "#$! #&4#!
'$(-63)&-+! &9,4&+4! 0'-:$! ,+@! )#$! 0'-P&9&)/! -1! )#$! &9,4&+4!
0'-:$! )-! ),'4$)! 6$(&-+(! 5-+)'&:3)$! )-! )#$! 6-5,6&d,)&-+!-1! (9,66!
)39-'(;!E3'!36)&9,)$!4-,6! &(! )-!0'-J&@$!5-+)&+3-3(6/!30@,)$@!
US@&9$+(&-+,6! '$5-+()'35)$@! &9,4$(! )#,)! ,'$! '$S0'-e$5)$@! &+!
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'$,6! )&9$! -+)-! ,! 06,+$! M#-($! -'&$+),)&-+! &(! @'&J$+! :/! ,!
)',5L&+4!@$J&5$;!!
"#$!0'-)-)/0$!-1!)#$!.7"!&9,4&+4!0'-:$!(/()$9!5-+(&()(!-1!

,! 0&P$6,)$@! D,8H"6I! @$)$5)-'! ,+@! ,! 0,')&,6! '&+4! @$)$5)-';! "#$!
0,')&,6! '&+4! @$)$5)-'! 5-90'&($(! X! K*E! :6-5L! @$)$5)-'(;! O!
J,'&,+)! -1! ,! -+$S0,((! 6&()S9-@$! E2! TB! ,64-'&)#9! )#,)! M,(!
&+)$4',)$@! M&)#! ,! '-MS,5)&-+! TB! ,64-'&)#9! M,(! 3($@! )-!
'$5-+()'35)! &9,4$(!bUc=!bXc;!.,',66$6! &9,4$!'$5-+()'35)&-+!M,(!
3($@!)-!(0$$@!30!&9,4$!'$5-+()'35)&-+;!
!

88;! 7f.7C8T7D"OB!27"SG.!
O!0&P$6,)$@!D,8H"6I!@$)$5)-'!M,(!:3&6)!)-!:$!3($@!,(!)#$!#&4#!

'$(-63)&-+! &9,4&+4! 0'-:$;! O+! ,'',/! -1! 0&P$6,)$@! D,8H"6I!
5'/(),6(!M,(!5-306$@!)-!,!V!&+;S:/SV!&+;!0-(&)&-+!($+(&)&J$!.T"!
H<,9,9,)(3g!<Y`WWI;!"#$!.2.T"!#,(!]X!,+-@$!-3)03)(;!"#$!
]XS,+-@$! -3)03)(! -1! )#$! .2.T"! M$'$! '-3)$@! )-! ,! 5#,'4$!
@&J&(&-+! 5&'53&)! H>F>I! )#,)! 1-66-M$@! :/! ,! 1'-+)$+@! '$,@-3)!
5&'53&);!
O! 0,')&,6! '&+4! @$)$5)-'! 5-90'&($(! X! K*E! :6-5L! @$)$5)-'(!

1'-9!,!>"8g!ZUR!.7"! (5,++$';! X!K*E!:6-5L!@$)$5)-'(!M$'$!
06,5$@!(&@$!:/!(&@$!)-!1-'9!,!0,')&,6!'&+4!@$)$5)-';!
"#$! 5-&+5&@$+5$! 036($(! M$'$! 5-+)'-66$@! 3(&+4! ,! aT7!

%.*O! H>;O;7;D;g! JRXZ`I! J&,! ,! aT7! &+)$'1,5$! (/()$9;! O!
53()-9! @,),! ,5Q3&(&)&-+! (/()$9! )#,)! &(! :,($@! -+! *)L99! b`c!
,+@!2&4>f!b]c!M,(!3($@!1-'!-+S6&+$!@,),!,5Q3&(&)&-+h,+,6/(&(;!

)*! +%,-.'/-01!'234.516-/-7/"81
%&4;! R! (#-M(! ,! 0-(&)&-+! ($+(&)&J$! .T"! )#,)! #,(! ,+! YS:/SY!

,'',/!-1!,+-@$(;!%&4;!V!(#-M(!,!5#,'4$!@&J&(&-+!5&'53&)!)#,)!M,(!
5-306$@!)-!)#$!.2.T"!&+!-'@$'!)-!5-+J$')!]X!,+-@$!(&4+,6(!)-!
X!0-(&)&-+!-3)03)!(&4+,6(;!"#$!(5#$9,)&5!-1!)#$!5#,'4$!@&J&(&-+!
5&'53&)!&(!(#-M+!&+!%&4;!U;!
!

!
%&43'$!R;!O!0-(&)&-+!($+(&)&J$!.T";!"#&(!0&5)3'$!&(!1'-9!,!9,+3,6!-1!

<,9,9,)(3g!<Y`WW;!
!

!
%&43'$!V;!"#$!5#,'4$!@&J&(&-+!5&'53&)!5-306$@!)-!)#$!.2.T";!

!

!
%&43'$!U;!O!)/0&5,6!5#,'4$!@&J&(&-+!5&'53&)!H>F>I!b\c;!

!
"#$!9-@36$!-1!)#$!.2.T"S>F>!M,(!5-306$@!)-!,+!,'',/!-1!

0&P$6,)$@! D,8H"6I! 5'/(),6(! ,(! (#-M+! &+! %&4;! X;! 7,5#! D,8H"6I!
9$,(3'$(! ViViRW99U;"#$! 6&4#)S)&4#)! 5-+),&+$'! &(! (#-M+! &+!
%&4;! `;! "#$! )'&44$'! 036($! ,+@! ,! (#,0$@! 5#,++$6! (&4+,6! ,'$!
(#-M+!&+!%&4;!];!
!

!
%&43'$!X;!O+!,'',/!-1!D,8H"6I!5'/(),6(!,+@!)#$!9-@36$!-1!)#$!.2.T"S>F>;!

7,5#!D,8H"6I!9$,(3'$(!ViViRW99U;!
!

!
%&43'$!`;!"#$!6&4#)S)&4#)!5-+),&+$'!-1!)#$!D,8H"6I!5'/(),6!,'',/;!

!
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!

!
%&43'$!];!O!)'&44$'!036($!,+@!,!(#,0$@!5#,++$6!(&4+,6;!

!
!

9*! 9:;19."7<16-/-7/"8=1
!
7,5#!K*E!:6-5L!@$)$5)-'!#,(!X!.T"(!)#,)!,'$!5-306$@!)-!

K*E!,(!(#-M+!&+!%&4;!\;!7,5#!K*E!5'/(),6!9$,(3'$(!
`;V`iRV;`iUW99U;!"#$!4,&+!-1!$,5#!.T"!M,(!,@e3()$@!3(&+4!
,!5-&+5&@$+5$!($)S30;!"#$!($)S30!&(!(#-M+!&+!%&4;!Y;!O!.T"!
5-306$@!)-!,!(&+46$!B2E!5'/(),6!M,(!9-3+)$@!-+!,+!-0)&5,6!',&6!
,+@!)#$!K*E!:6-5L!@$)$5)-'!M,(!06,5$@!-+!,+!PS/!)',+(6,)&-+!
(),4$;!O!D,SVV!(-3'5$!M,(!0-(&)&-+$@!&+!,!@&(L!#-6@$'!&+!
:$)M$$+!)#$!B2E!@$)$5)-'!,+@!)#$!K*E!:6-5L!@$)$5)-';!
!

!
%&43'$!\;!K*E!:6-5L!@$)$5)-';!

!

!
%&43'$!Y;!O!5-&+5&@$+5$!4,&+S,@e3()9$+)!($)S30;!

!
T$,(3'$@!5-&+5&@$+5$!$J$+)(!:$)M$$+!)#$!B2E!@$)$5)-'!,+@!

)#$!K*E!:6-5L!@$)$5)-'!M$'$!0'-5$(($@!3(&+4!,!53()-9!@,),!
,5Q3&(&)&-+h,+,6/(&(!0'-4',9;!%&4;!Z!(#-M(!$()&9,)$@!
&+)$',5)&-+!0-(&)&-+(!&+!K*E!,+@!)#$!5-&+5&@$+5$!036($!#$&4#)!
(0$5)',!,)!)',+(6,)$@!0-(&)&-+(;!"#$!K*E!:6-5L!@$)$5)-'!M,(!
)',+(6,)$@!&+!-'@$'!)-!&6639&+,)$!-+$!K*E!5'/(),6!+$,'!$,5#!
5-'+$';!

!

! !
!

!! !
%&43'$!Z;!7()&9,)$@!5'/(),6!0-(&)&-+(!&+!5-&+5&@$+5$!9$,(3'$9$+)(;!!

!
!

>*! ?.""012&'(-=1
!
%6--@!&9,4$(!&+!K*E!@$)$5)-'(!,+@!)#$!D,8H"6I!@$)$5)-'!
M$'$!-:),&+$@!&+!-'@$'!)-!&@$+)&1/!)#$!5'/(),6(!&+!$,5#!@$)$5)-';!
O!D,SVV!HUW >&!-'!]W >&I!0-&+)!(-3'5$!@&(L!M,(!3($@!&+()$,@!
-1!,!16--@!(-3'5$;!
!
@5! ?.""012&'(-=1%#19:;1

!
%&4;!RW!(#-M(!,!036($!#$&4#)!(0$5)'39!&+!K*E!1'-9!,!D,S

VV!(-3'5$;!"#$!036($!#$&4#)!(0$5)'39!(#-M(!)#$!`RRL$a!0$,L!
,+@!)#$!R;V\`T$a!0$,L;!"#$!6-M$'!(Q3,'$!M&)#!`WS:/S`W!
0&P$6(!(#-M(!)#$!16--@!&9,4$!&+!K*E;!A$!5,+!($$!X!'-M(!-1!
(0-)(;!7,5#!'-M!(#-M(!Y!5'/(),6(;!8+!-'@$'!)-!56$,'6/!($0,',)$!
)#$!5'/(),6(=!M$!@'$M!)#$!16--@!&9,4$(!3(&+4!RVYS:/SRVY!
0&P$6(;!"#$!#&4#$'!'$(-63)&-+!&9,4$!&(!(#-M+!&+!%&4;!RR;!
!

!
%&43'$!RW;!.36($!#$&4#)!(0$5)'39!&+!K*E!,+@!,!16--@!&9,4$!1'-9!,!D,SVV!

(-3'5$;!
!
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!

!
%&43'$!RR;!!O!RVYS:/SRVY!16--@!&9,4$!&+!K*E;!

!
!

A5! ?.""012&'(-=1%#1!'234.51
!
%&4;!RV!(#-M(!,!D,SVV!16--@!&9,4$!&+!D,8H"6I!,+@!)#$!036($!

#$&4#)!(0$5)'39;!!O!#&4#$'!'$(-63)&-+!16--@!&9,4$!&(!(#-M+!&+!
%&4;!RU;!"#$!V99S0&)5#!D,8H"6I!5'/(),6(!M$'$!56$,'6/!
&@$+)&1&$@!&+!%&4;!RU;!"#$!036($!#$&4#)!(0$5)'39!&+!%&4;!RV!
@-$(!+-)!(#-M!)#$!`RR!0#-)-!0$,L;!"#&(!&(!@3$!9,&+6/!)-!+-+S
3+&1-'9!5-+J$'(&-+!$11&5&$+5/!-1!$,5#!5'/(),6=!,+@!)#$!(&d$!
9&(9,)5#!:$)M$$+!)#$!.2.T"!,+@!)#$!D,8H"6I!,'',/;!
!

!
%&43'$!RV;!O!D,SVV!%6--@!&9,4$!&+!D,8H"6I!1'-9!D,SVV;!

!

!
%&43'$!RU;!O!`RVS:/S`RV!0&P$6!16--@!&9,4$;!

!

6*! >"%#7%0-#7-12&'(-=1
"#$! 5-&+5&@$+5$! $J$+)(! :$)M$$+! -+$! -'! )M-!K*E!5'/(),6(!

,+@!)#$!D,8H"6I!@$)$5)-'!M$'$!-:),&+$@;!%&4;!RX!(#-M(!)#$!D,S

VV! 5-&+5&@$+5$! &9,4$! &+!D,8H"6I;!"#$! 036($! #$&4#)! (0$5)'39!
56$,'6/!(#-M(!)#$!`RRL$a!0#-)-S0$,L;!"#$!5-&+5&@$+5$!&9,4$!
(#-M(!,!1$M!D,8H"6I!5'/(),6(;!
!

!
%&43'$!RX;!"#$!D,SVV!5-&+5&@$+5$!D,8H"6I!&9,4$!&+!5-&+5&@$+5$!M&)#!-+$!-'!

)M-!K*E!5'/(),6(;!
!!
8+! -'@$'! )-! &6639&+,)$! ,! (&+46$! D,8H"6I! 5'/(),6=! )#$! D,SVV!

(-3'5$! @&(L! M,(! 0'-00$@! ,4,&+()! )#$! 1'-+)! (3'1,5$! -1! )#$!
D,8H"6I!@$)$5)-'!,(!(#-M+!&+!%&4;!R`;!"#$!5-&+5&@$+5$! &9,4$!
&+!%&4;!R]!(#-M(!,!(&+46$!&6639&+,)$@!D,8H"6I!5'/(),6;!

!
%&43'$!R`;!"#$!D,SVV!(-3'5$!@&(L!M,(!0'-00$@!,4,&+()!)#$!1'-+)!(3'1,5$!-1!)#$!

D,8H"6I!@$)$5)-';!
!

!
%&43'$!R];!"#$!D,SVV!5-&+5&@$+5$!D,8H"6I!&9,4$!)#,)!(#-M(!,!(&+46$!D,8H"6I!

5'/(),6;!
!
!

888;! .8f7B!8F7D"8%8>O"8ED!
T,00&+4! -1! $()&9,)$@! 5'/(),6! 0-(&)&-+(! )-! )'3$! 5'/(),6!

0-(&)&-+(!&(!'$Q3&'$@!:$5,3($!)#$!$()&9,)$!5'/(),6!0-(&)&-+(!,'$!
@&()-')$@! ,(! (#-M+! &+! %&4;! R\;! j3,@'&6,)$',6(! )#,)! (3''-3+@!
$()&9,)$@! 5'/(),6! 5$+)$'(!M$'$!@',M+! )-! (#-M! )#$!:-3+@,'&$(!
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!

:$)M$$+! 5'/(),6(;! "#$! X! J$')$P$(! -1! $,5#! Q3,@'&6,)$',6! M$'$!
3($@!)-!)$()!M#$)#$'!,!9$,(3'$@!5-&+5&@$+5$!$J$+)!1$66!&+)-!)#$!
4&J$+!Q3,@'&6,)$',6;!
!

!
%&43'$!R\;!8@$+)&1/&+4!K*E!5'/(),6(;!

!
"#$! (,9$! 5'/(),6! &@$+)&1&5,)&-+! 9$)#-@! M,(! 3($@! 1-'! )#$!

D,8H"6I! @$)$5)-';! %&4;! RY! (#-M(! ,! D,SVV! 16--@! &9,4$! &+!
D,8H"6I;! "#$! 9&@@6$! 0-&+)(! -1! ($)(! -1! X! +$&4#:-'! 5'/(),6(!
5$+)$'(!M$'$!0&5L$@!-3)!)-!@',M!)#$!Q3,@'&6,)$',6(!,(!(#-M+!&+!
%&4;!RZ;!
!

!
%&43'$!RY;!O!D,SVV!16--@!&9,4$!&+!D,8H"6I!M&)#!$()&9,)$@!5'/(),6!5$+)$'(;!
!

!
%&43'$!RZ;!j3,@'&6,)$',6(!)#,)!(3''-3+@!)#$!$()&9,)$@!5'/(),6!5$+)$'(;!
!

8a;! 8TO*7!C7>ED2"CG>"8ED!
>-&+5&@$+5$!$J$+)(!:$)M$$+! )#$!0&P$6,)$@!D,8H"6I!@$)$5)-'!

,+@! ,! 0,')&,6! '&+4! @$)$5)-'! M$'$! 5-66$5)$@! &+! -'@$'! )-!
'$5-+()'35)!US@&9$+(&-+,6!&9,4$(;!8+!-'@$'!)-!(0$$@!30!&9,4$!
'$5-+()'35)&-+=! M$! 3($@! ,! 4',0#&5(! 0'-5$((&+4! 3+&)! H+a&@&,g!
*$1-'5$! ZYWW*"fkI! ,+@! >GFO;! .,',66$6! &9,4$!
'$5-+()'35)&-+!5,+!:$! &906$9$+)$@!3(&+4!4',0#&5(!0'-5$((&+4!
3+&)(!H*.G(I;!!!

 

)*! >"%#7%0-#7-16'/'1B-/$CD1

%&4;!VW!(#-M(!)#$!0'-)-)/0$!-1!)#$!.7"!&9,4&+4!0'-:$!
(/()$9;!"-!)#$!6$1)!&(!)#$!K*E!:6-5L!@$)$5)-'(!,+@!)-!)#$!'&4#)!
&(!)#$!D,8H"6I!@$)$5)-';!"#$!'-),)&-+,6!0&J-)!+$P)!)-!)#$!D,8H"6I!
@$)$5)-'!&(!,6(-!,!5/6&+@'&5,6!(-3'5$!(),4$;!
!

!
%&43'$!VW;!"#$!0'-)-)/0$!-1!)#$!.7"!&9,4&+4!0'-:$!(/()$9;!
!
! %&4;!VR!&663()',)$(!)#$!)-0!J&$M!-1!)#$!$P0$'&9$+),6!($)S30;!
7,5#!K*E!@$)$5)-'!#,(!Y!5'/(),6(;!7,5#!5'/(),6!9$,(3'$(!
`;V`99!&+!M&@)#;!"#$!D,8H"6I!5'/(),6(!#,(!$11$5)&J$!RR!
5'/(),6(;!7,5#!D,8H"6I!5'/(),6!9$,(3'$(!V99!!&+!M&@)#;!
%&4;!VV!&663()',)$(!)#$!(&@$!J&$M!-1!)#$!$P0$'&9$+),6!($)S30;!

7,5#!K*E!@$)$5)-'!(#-M(!X!'-M(;!"#$!#$&4#)!-1!$,5#!5'/(),6!
&(!RV;`99;!"#$!'&4#)!#,+@!(&@$!(#-M(!)#$!$11$5)&J$!Z!D,8H"6I!
'-M(;!"#$!#$&4#)!-1!$,5#!D,8H"6I!5'/(),6!&(!V99;!

!
%&43'$!VR;!8663()',)&-+!-1!)#$!)-0!J&$M!-1!)#$!$P0$'&9$+),6!($)S30; 

 
 
 

!
%&43'$!VV;!8663()',)&-+!-1!)#$!(&@$!J&$M!-1!)#$!$P0$'&9$+),6!($)S30; 
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!

 
The NaI(Tl) detector was rotated around the cylindrical pivot. 

Fig. 23 illustrates the rotational movement of the NaI(Tl) 
detector. It covers about 26l!in total. Fig. 24 shows the rotation 
in the counter-clockwise direction. The clockwise rotation is 
shown in Fig. 25. 

!
%&43'$!VU;! 8663()',)&-+!-1! )#$! '-),)&-+,6!9-J$9$+)!-1! )#$!D,8H"6I!,'-3+@! )#$!
'-),)&-+,6!0&J-); 

 
 

!
%&43'$! VX;! "#$! '-),)&-+! -1! )#$! D,8H"6I! @$)$5)-'! &+! )#$! 5-3+)$'S56-5LM&($!
@&'$5)&-+; 

 
 

!
%&43'$!V`;!"#$!'-),)&-+!-1!)#$!D,8H"6I!@$)$5)-'!&+!)#$!56-5LM&($!@&'$5)&-+; 

 
A Na-22 double source (30 Ci/point) disk was used for data 

acquisition for image reconstruction as shown in Fig. 26. The 
center-to-center distance of the two point sources is 1.5mm. The 
two point sources were alinged parallel to the front surface of 
the NaI(Tl) detector. 

 

   !
%&43'$!V];!"#$!D,SVV!@-3:6$!(-3'5$!@&(L;!

 
 

9*! >"%#7%0-#7-1E%/F1"#-18"E1"G19:;178H=/'.=1
 
The BGO detector has 4 rows of BGO crystals as shown in 

Fig. 22. Only one row was enabled for a test run as shown in 
Fig. 27. The user interface was used to either enable or disable 
the cystals for data collection. Fig. 28 shows the coincidence 
image in NaI(Tl). One or two rows of NaI(Tl) crystals were 
illuminated. 

 

!
%&43'$!V\;!"#$!3($'!&+)$'1,5$!1-'!K*E!5'/(),6!($6$5)&-+(; 

 

!
%&43'$!VY;!D,SVV!5-&+5&@$+5$!&9,4$!&+!D,8H"6I!&+!5-&+5&@$+5$!M&)#!-+$!'-M!

-1!K*E!5'/(),6(; 
 
 

>*! >"%#7%0-#7-1E%/F1I1J"E=1"G19:;1>8H=/'.=1
!
"#'$$!'-M(!-1!K*E!5'/(),6(!M$'$!$+,:6$@!1-'!@,),!
,5Q3&(&)&-+!,(!(#-M+!&+!%&4;!VZ;!"#$!5-&+5&@$+5$!&9,4$!&+!D,8!
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!

&(!,6(-!(#-M+!&+!)#$!0&5)3'$;!O:-3)!`!-'!]!'-M
5'/(),6(!M$'$!&6639&+,)$@;!E+6/!`!'-M(!-1!D,8
M$'$!$+,:6$@!1-'!5-&+5&@$+5$!@,),!5-66$5)&-+;!
!

%&43'$!VZ;!"#'$$!'-M(!-1!K*E!5'/(),
 

6*! 2&'(-1J-7"#=/8C7/%"#1).("8%/F&1
!
A$!3($@!,!J,'&,+)!-1!,!-+$S0,((!6&()S9-@$!E
)#,)!M,(!&+)$4',)$@!M&)#!,!'-MS,5)&-+!TB!,64-
*,3((&,+!:,5LS0'-e$5)&-+!L$'+$6!M,(!,6(-!3($
&9,4$!'$5-+()'35)&-+!,64-'&)#9!bYc;!"#$!30@,
(#-M+!:$6-M;!
!

!
!!!A#$'$!=!&(!)#$!(3:($)!&@$+)&1&5,)&-+!+39:$'!
'$6,P,)&-+!1,5)-';!Ke!&(!)#$!($+(&)&J&)/!1,5)-'!,+
*,3((&,+!:,5LS0'-e$5)&-+!L$'+$6;! !M,(!),L$+!
M&@)#hV;U`;!
! 7,5#!(3:($)!5-+),&+(!R]!6&+$(S-1S'$(0-+($!H
(3:($)(!0$'!,+46$!M$'$!5-66$5)$@;!8+!(&936,)&-+
3($@!(&9&6,'!+39:$'!-1!BEC(!,+@!(3:($)(!bYc
!

L*! +'8'..-.12&'(-1J-7"#=/8C7/%"#1
!
O+!+a&@&,g!*$1-'5$!ZYWW*"fk!4',0#&5(!0'
,+@!>GFO!M$'$!3($@!1-'!0,',66$6!&9,4$!'$5-+
RVY!()'$,9&+4!0'-5$((-'(!H2.(I;!%&4;!UW!(#-M
5,'@!&+!,!F7BBg!E0)&06$P!*fVYW!5-903)$'!M
,+@!)#$!J$'(&-+!X;U!-1!455;!
!

M(!-1!D,8H"6I!
8H"6I!5'/(),6(!
!

!
,6(;!!

E2!TB!,64-'&)#9!
-'&)#9;!O!
@!&+!)#$!0'-0-($@!
,)$!$Q3,)&-+!&(!

!!!!!HRI!

,+@! (!&(!,!
+@!:+H0e=! I!&(!,!
+!,(!)#$!5'/(),6!

HBEC(I;!!`W!
+!()3@&$(=!M$!
=!bZc;!!

'-5$((&+4!3+&)!
+()'35)&-+;!8)!#,(!
M(!)#$!4',0#&5(!
M&)#!%$@-',!RR!

%&43'$!UW;!+a&@&,!ZYWW*"fk!)#,)!&(
 
The image space was set to a 12

Each voxel measures 0.25iW;V`iW;V`
 

?*! J-7"#=/8C7/-012&'(-=1
!

%&43'$!UR;!"#$!5$+)$'!(6&5$!-1!,!'$5-+()'35)
W;V`99iW;V`9

 
"#$!5-&+5&@$+5$!@,),!-1!)#$!D,SVV
V]I!1'-9!)#'$$!@&11$'$+)!,+46$(!M$'$
M,(!3($@!)-!'$5-+()'35)!&9,4$(!1'-9
%&4;!UR!(#-M(!)#$!5$+)$'!(6&5$!-1!)#
"#$!%A<T!&+!)#$!)',+(J$'($!@&'$5)&
5,+!$P0$5)=!)#$!&9,4$!&+!)#$!6-+4&)3@
$6-+4,)$@;!"#$!%A<T!&+!)#$!6-+4&)3
X99;!

 

a;! >ED>BG2
!
8+!)#&(!()3@/=!,!0'-)-)/0$!-1!)#$!

0'-:$!(/()$9!M,(!:3&6)!)-!)$()!)#$!1$,
),L&+4!5-&+5&@$+5$(!:$)M$$+!,!#&4#!
,+@!,!0,')&,6!'&+4!@$)$5)-';!O!V99S(
@$)$5)-'!M,(!3($@!1-'!)#$!#&4#!'$(-63
:6-5L!@$)$5)-'(!(5,J$+4$@!1'-9!,!>"
3($@!1-'!)#$!0,')&,6!'&+4!@$)$5)-';!!

!
(!&+(),66$@!&+!,!5-903)$'; 

28i64i64 array of voxels. 
`99U; 

!
)$@!&9,4$;!7,5#!0&P$6!9$,(3'$(!
99;!

V!@-3:6$!(-3'5$!@&(L!H%&4;!
$!5-66$5)$@!,+@!)#$!*.G!
9!)#$!5-&+5&@$+5$!@,),;!
#$!'$5-+()'35)$@!&9,4$;!
&-+!M,(!,:-3)!V99;!O(!M$!
@&+,6!@&'$5)&-+!M,(!
3@&+,6!@&'$5)&-+!M,(!,:-3)!

8ED2!

(3'4&5,6!.7"!&9,4&+4!
,(&:&6&)/!-1!)#$!&@$,!-1!
'$(-63)&-+!&9,4&+4!0'-:$!
(&@$@!0&P$6,)$@!D,8H"6I!
3)&-+!&9,4&+4!0'-:$;!K*E!
"8!ZUR!.7"!(5,++$'!M$'$!
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!

O!D,SVV!@-3:6$!(-3'5$!@&(L!M,(!&9,4$@!3(&+4!)#$!
0'-)-)/0$!(3'4&5,6!.7"!&9,4&+4!0'-:$!(/()$9;!"#$!
53()-9&d$@!&9,4$!'$5-+()'35)&-+!,64-'&)#9!)#,)!&+563@$@!
COTBO=!-+$S0,((!6&()S9-@$!E2!TB=!,+@!,!*,3((&,+!L$'+$6!
M,(!3($@!)-!-:),&+!'$5-+()'35)$@!&9,4$(;!"#$!)#$-'$)&5,6!
(0,)&,6!'$(-63)&-+!-1!)#$!0'-)-)/0$!(/()$9!M,(!+-)!,:6$!)-!
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Report on the MADEIRA PET Probe
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Vera Stankova, Peter Weilhammer and Dejan Žontar

Abstract—PET probes are showing a lot of promise in extend-
ing performance of the conventional PET ring. The underlying
idea is to supplement basic PET data with information collected
in the finely segmented probe placed close to the region of
interest. The benefit is two fold: a) data collected near the object
are less prone to errors related to scattering and acolinearity
and b) the object itself is magnified in the proximity focus. The
principle would be beneficial to clinical applications where spatial
resolution below the current limit is required in a narrow field
of view.

The probe should therefore have excellent spatial resolution,
should be compact and robust and should be able to handle
large count rates of the clinical environments. Based on those
we decided to explore devices with high-resistivity silicon as
the sensitive material. They provide high spatial resolution, are
compact and robust, and can handle the foreseen rates. We
constructed a prototype, based on 1 mm thick silicon wafers,
cut into 40 by 26 mm2 detectors further segmented into 1 x 1
mm2 square pads, effectively providing 1 mm3 sensitive voxels.
For a module, two such detectors were placed in a back-to-back
arrangement, providing filling factor in excess of 70 %. Stacking
multiple modules is foreseen to compensate for low stopping
power of silicon. The sensors are read out by 128 channel
VATAGP7, GM-Ideas sourced application sensitive integrated
circuit. Each module requires 16 chips, placed on 4 custom made
PCB boards (hybrids) which are read independently.

The modules were characterized and will be placed in a test
PET ring. A simple point sources and phantoms will be imaged
to confirm the predicted benefits.

Index Terms—silicon pad detectors, PET insert, medical imag-
ing.

I. INTRODUCTION

THERE is a trend in PET imaging towards improved
resolution of the PET scanners. From ealry 2000s and

resolution of 6 mm [1], [2] at the center of the field of view
(FOV), the performance of current whole-body devices has
improved to 4 mm [3], [4] at the expense of increased crystal
count and associated complexity of the associated readout
electronics. On the other hand, dedicated devices for brain [5]
or preclinical imaging [6], [7] already exhibit resolutions
between 1 and 2 mm FWHM, at the expense of significantly
reduced FOV.

The PET probe concept [8]–[11] can dynamically merge the
approaches outlined above. Figure 1 illustrates the approach:
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starting with an external ring, an additional sensitive detector,
a probe, is placed within the ring. Most of the annihilation
photon pairs will be detected in the external ring (ring-ring
events), however some will have one photon hitting the probe
and the other photon hitting the ring (probe-ring event). Should
the events occur close to the probe, the uncertainty in the line
of response will be dominated by the probe resolution and the
uncertainty due to the acolinearity will be practically negligi-
ble. Figure 2 shows uncertainty in the direction perpendicular
to the line of response for three different resolutions of the
probe as a function of the distance of annihilation from the
probe. A detector with 6 mm FWHM resolution is assumed
as the ring detector.

The MADEIRA collaboration aims at improving relation
between the image quality and the absorbed dose in imag-
ing with radiopharmaceuticals. Within the collaboration, our
group is developing a PET probe prototype based on silicon
detectors. Silicon was chosen because of its excellent potential
in spatial resolution. The following sections will describe our
prototype, the prototype characterization in terms of efficiency,
energy, timing and spatial resolution. At the end results from
initial tests, demonstrating the excellent resolution of probe-
ring events, will be shown.

Fig. 1. Schematic drawing of the PET probe principle.
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Fig. 2. Functional dependence of uncertainty in direction perpendicular to
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assumed to be 6 mm FWHM.

II. THE PROTOTYPE

Figure 3 shows a set of two modules of silicon detectors,
comprising building blocks of the MADEIRA PET probe
prototype. Each module consists of two layers of silicon
detectors, each 1 mm thick and segmented into 1040 pads
with a size of 1 by 1 mm2. The total size of the sensors
is 40 by 26 mm2. The detectors are placed approximately
0.8 mm appart, giving a stacking fraction of 70%; 2 mm
active material over 2.8 mm total thicknes. The readout is
spaced to 4 independent hybrids/plastic circuit boards with
separate readout to minimize electronics cross-talk. Each board
hosts four application specific integrated circuits (ASIC) by
name of VATAGP7, designed and produced by Gamma Medica
Ideas [12]. Each ASIC hosts 128 channels and each channel
is comprised of a common charge-integrating amplifier, with
its output split into a pair of independent shaping circuits, one
with a slow and other with a fast shaping time. The fast circuit
is coupled to a leading edge comparator for a combined trigger
of 128 channels, and the slow circuit is connected to a shift
register through a sample and hold circuit. For each event, the
address of the hit channel along with the analog value of the
hit pixel and a preset number of adjacent channels (typically
three) is read. The gantry of the prototype, shown in Figure 4
allows for flexible task-oriented arrangements of the modules,
either maximizing coverage or increasing detection efficiency.

III. PROTOTYPE CHARACTERIZATION

• Efficiency. The efficiency of the probe in collecting
events was estimated using Monte-Carlo simulations and
GEANT4 [13] software package. We modelled a hu-
man whole-body ring supplemented by a single 1 mm
thick slice of silicon detector as the probe. To simulate
scattering and activity outside of the FOV, a barrel of
water measuring 60 cm in length, with an elliptical cross-
section with primary axes of 10 and 20 cm was placed
axially in the ring. The probe was placed 2 cm away from

Fig. 3. Photograph of a set of two modules for MADEIRA PET probe
prototype.

Fig. 4. Photograph of the gantry for module placement.

the barrel. Annihilations were simulated homogenouosly
throughout the barrel. Counting interactions in the ring
and the probe, there were 1000 ring-ring interactions for
each probe-ring interaction. However, the distribution of
probe-ring events within the object that were detected is
biased towards regions close to the probe. Within that
area, relative efficiencies of 100 ring-ring events for 1
probe-ring event were estimated. Adding multiple layers
of silicon detectors, relative efficiencies close to 10 %
are reasonably achievable, with negligible contributions
of double interactions [14].

• Energy resolution The energy resolution of detectors in
PET is normally used for classification of events. The
aim is to separate direct photons from those scattered
in the body prior to detection. Most of the detectors
in PET have a high probability of photoelectric effect
and a tight window is drawn around the photoabsorption
energy peak to eliminate scattered events. In silicon
detectors, the dominant interaction is Compton scattering
with continuous energy spectra of electrons excited by
photon interaction and windowing on the photo-peak has
no practical value. However, Figure 5 shows simulated
energy spectrum of events detected in silicon detector
classified by whether they scattered prior to interaction.

1756

2010 IEEE Nuclear Science Symposium Conference Record N59-2



By applying an optimized cut on the interaction energy, a
powerful reduction of scattered events can be performed.
The energy resolution of the probe modules at 2 keV is
sufficient to allow strenouos optimization of such a cut.

• Timing resolution The timing resolution is required
to separate true coincidences from randomly coupled
interactions of consequitive positron emissions. Once one
of the photon pairs interacts in a silicon, a timing window
is opened to match it to an interaction in the ring. For
a true event, the second photon should be detected in
the ring, the probability of which was estimated from
simulation to be one in five. On top of that, applying
timing windows shorter than timing uncertainties of the
sensor pair will result in another efficiency cut. From
out previous work [8] the efficiencies were 51, 74 and
86 % for 1 mm sensor and timing windows of 10, 20 and
30 ns, respectivelly. The probability of a random match
can be expressed as P(random)=1-exp(-R·tw), where R is
the rate of the single interactions in the ring and tw is
the timing window. From simulations R is estimated as
3 interactions per 10 positron emissions so it scales with
total activity in the object. Figure 6 shows comparison
of probabilities for both type of events as a function of
time window, showing that our probe (inverted triangles)
can only be used in moderate radioactive environment.
If higher activites are to be considered, timing can be
hypothetically improved by reducing the sensor thickness,
as indicated by simulated performance of a 0.5 mm probe
indicated by open circles in the Figure.
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Fig. 5. The energy spectrum of simulated events in silicon. The histogram
for the scattered events (dark grey) is superimposed on the histogram for the
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IV. INITIAL RESULTS

The spatial resolution of the sensors and resolution of the
probe-ring events were the first parameters to be evaulated in
our bench-top setup set at the University of Michigan. The
photograph in Figure 7 shows the arrangement. There are two
banks of block BGO detectors, each covering an angle of 67.5
degrees. Each block has a set of 32 crystals measuring 6 by
13 by 30 mm3, arranged in a 8 by 4 matrix, with axial coarse
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Fig. 6. Probability of true or random coincidence as a function of the
duration of the coincidence window tw . Probability of a random coincidence
is indicated with thick solid lines for indicated activities in the simulated
water barrel for whole-body PET scanner. The inverted triangle graph shows
expected performance of a 1 mm thick silicon detector used as a probe, and
open circles show hypothetical performance of a 0.5 mm thick silicon sensor.

segmentaion, viewed by 4 photo-multiplier tubes (PMT). The
gains of PMTs were aligned and the blocks were calibrated
using flood illumination. Further in there is a pair of silicon
detectors placed on each size of the object. For the initial test,
a previous generation of probe modules was used, with equal
electronics, ASIC and detector thickness, but detectors with
double the pad area (1.4 by 1.4 mm2). The sources are placed
on a rotating table, and collimated to a thin slice that contains
both silicon detectors in the edge-on arrangement.

A setup with two probe detectors allows one to collect
an additional type of event, a probe-probe event. The spatial
resolution of such an event is completely determined by the
resolution of the probe sensors. Figure 8 shows a filtered-back-
projection (FBP) of probe-probe events for a simple phantom
consisting of a single 22Na point source shifted by 2 mm for
three consequtive runs. The reconstruction allows to easily
separate the events, indicating a resolution close to the pad
size of 1.4 mm. Figure 9 shows FBP for probe-ring events.
Still, the point sources are clearly separated, confirming the
predictions indicated in Figure 2.

V. SUMMARY

The PET probe concept allows one to dynamically combine
high spatial resolution of events in a narrow FOV close to
the probe with large FOV of the external ring. The spatial
resolution of the probe-ring events is predominantely deter-
mined by the spatial resolution of the probe sensor. Our
group has built a demonstrator based on silicon detectors
with 1 mm segmentation. Relative efficiency of probe-ring
versus ring-ring events is 1 % per 1 mm thick layer of silicon
detectors as a probe. The energy resolution is sufficient to
allow energy cuts to separate scattered events from direct hits.
The timing resolution allows the probe to be operated in a
reasonable radioactive environment. We built a test setup with
a partial ring of BGO block detectors combined with a pair of
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Fig. 7. Photograph of the setup at University of Michigan.
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Fig. 8. Filtered back-projection (FBP) of probe-probe events.
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Fig. 9. Filtered back-projection of probe-ring events.

previous generation of silicon detectors functioning as a PET
probe. The data reconstructed from probe-probe interactions
confirmed excellent spatial resolution of the probe detectors.
The resolution of the probe-ring events was demonstrated by
reconstructing events where one photon interacted in a silicon
detector and the other in the BGO block, giving resolution
below 2 mm FWHM, as expected by the calculation. These

results indicate the validity of the approach, so our next
efforst will be directed towards demonstrating performance
for more complex phantoms and sophisiticated reconstruction
algorithms.
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I. INTRODUCTION

As an imaging modality for prostate cancer, PET allows the 
possibility of “engineering” radiotracers to follow specific 
metabolic pathways or to indicate the presence of biomarkers 
associated with disease.  Nevertheless, our considerable 
investment in tracer development cannot be used to full 
advantage if PET instrumentation is not capable of imaging small 
prostatic lesions well.  Strong attenuation of annihilation 
radiation emitted from the prostate, intrinsic resolution limits of 
present scanners, and patient motion during scanning all 
contribute to modest imaging performance when lesion diameters 
are 8mm or less.

One way to attack the resolution problem is to use an image 
reconstruction method that models—and then unfolds—blurring 
intrinsic to the measurements.  While this can work to an extent, 
it inevitably increases the noise level in reconstructed images 
with each imaging system having its peculiar tradeoff between 
resolution and noise.  Shown in Figure 1 are resolution-noise 
tradeoff curves for three PET scanner models having different 
intrinsic resolutions (4mm, 6mm, and 8mm FWHM).  Notice how 
quickly the noise level increases as one attempts to work beyond 
the “brick wall” imposed by the intrinsic resolution.

An alternative to resolution recovery methods is to use organ-
specific high-resolution probes as add-ons to conventional PET 
scanners in much the same fashion as application-specific 
imaging coils are used in MRI.  Described by several 
investigators [1-4], resolution performance of these instruments 
in regions close to the probe is dominated by the resolution of the 
probe as illustrated in Figure 2 and as given by the following 
approximation:

2
22

22
22

222
11

22
11

22 cossincossin135.2 CDCDDR

where is the fractional distance from the probe detector at 
which resolution is desired along a line-of-response connecting 
the probe and conventional PET, represents the rms uncertainty 
of each detector in either circumferential or depth direction, and 

the angle of incidence of the LOR on each detector.  From 
Figure 3 one immediately notes that spatial resolution—even at 
moderate distances from the probe—is dominated by probe 
detector performance.  

Even though, the fraction of data collected by the probe is 
relatively small in comparison the total, such high resolution data 
can have a strong impact on the overall noise-resolution tradeoff 
when compared to conventional PET.  Shown in Figure 4 is the 
relative noise advantage as a function of desired reconstructed 
resolution when a fraction (12%) of data having intrinsic 

resolutions of 1mm, 2mm, and 3mm FWHM is added to PET 
data having 4mm FWHM uncertainty.  In order to achieve the 
same noise level, a mean number of events equal to the square of 
the noise advantage must be acquired using conventional PET 
alone.

II. PROGRESS TOWARD DEVELOPING A PROBE FOR PATIENTS

Work to develop a high resolution prostate imaging probe to 
augment data from a conventional PET ring is proceeding rapidly 
along three fronts.  First, high-resolution PET detectors having 
good 3D position resolution have been developed at WVU’s 
Center for Advanced Imaging using arrays of LYSO crystals 
coupled to silicon photomultiplier (SiPM) arrays.  To date, 
devices using several readout technologies have been evaluated.  
Figure 6 shows an early non-DOI incarnation using an array of 
1.5mm x 1.5mm x 10mm LYSO scintillators.  Second, good 
progress has been made in developing packaging and tracking 
details necessary for human use.  Figure 5 shows a mechanical
model used for stress testing.  Finally, high-resolution PET from 
high/low-resolution hybrid events has been demonstrated on a 
partial-ring BGO PET system using a high-resolution silicon
detector insert.  Figure 7 shows the system while Figure 8 shows 
images reconstructed from the lowest resolution events (BGO-
BGO), the highest resolution (Si-Si), and—highly relevant to the 
prostate probe—the intermediate resolution Si-BGO events.  In 
the next few months, the high-resolution endorectal detectors will 
be interfaced to this unit to assess advantages of adding the high 
resolution data to conventional PET.

Figure 1. Effects of resolution recovery on noise.  Reconstruction noise 
is plotted against desired reconstructed resolution for scanners having 
intrinsic resolutions of 4mm, 6mm, and 8mm FWHM..
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Figure 2.  Diagram of endorectal PET prostate probe and its effect on 
resolution..

Figure 3.  Instrinsic spatial resolution vs. distance from probe for 
external PET detector having 6mm FWHM resolution.

Figure 4.  Noise advantage resulting from augmenting conventional PET 
(4mm FWHM intrinsic resolution) data with 12% additional high 
resolution data having intrinsid resolutions of 1mm, 1.5mm, and 2mm 
FWHM..

Figure 5.  Mechanical model of endorectal probe used for stress 
analysis.  Prototype housings suitable for human use have been 
constructed using light-tight black delrin.

            

Figure 6.  Left: an early non-DOI prototype developed at the Center for 
Advanced Imaging.  Right: crystal identification in a 1.5mm x 1.5mm x 
10mm LYSO array.  More recent versions support DOI resolution using 
two-sided readout via SiPM arrays.

Figure 7.  Partial-ring BGO PET system to which prototype prostate 
probe will be interfaced for initial tests.  Configuration shown is a dual-
ring BGO/high-resolution silicon (Si) setup for small field-of-view 
imaging.  Silicon detectors will be removed when LYSO/SiPM detector 
is installed.

Figure 8.  Left: reconstruction of MicroJaszczak resolution phantom 
data from system above using lowest resolution BGO-BGO events.  
Center: reconstruction of same phantom using highest resolution (Si-Si) 
events.  Right: reconstruction using hybrid Si-BGO events illustrating 
probe resolution advantages shown in Figure 3.
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&%! :5)99*+! ,@,&<%9! +*%&(*+! %:,9&,5! (*%)5B9&)<! &<! (*')<%9(B'9*+! &7,@*%! =)(! %&7B5,9*+! "C>! %$%9*7%! #,6&<@!

K,B%%&,<! (*%)5B9&)<%! )=! `77H! a77H! ,<+! l77! eXPJ! .'B(6*%! 3*(*! ',5'B5,9*+! B%&<@! 9#*! 7)+&=&*+!

B<&=)(7! ;p! I)B<+! g0bh14! ! C,'#! 'B(6*! #,%! I**<! <)(7,5&S*+! 9)! B<&9$! ,9! 9#*! &<9(&<%&'! (*%)5B9&)<! )=! 9#*!

%&7B5,9*+!%',<<*(4!!F)9*!#)3!rB&'L5$!<)&%*!&<'(*,%*%!,%!)<*!,99*7:9%!9)!):*(,9*!,9!:)&<9%!I*99*(!9#,<!9#*!

&<9(&<%&'!(*%)5B9&)<4!!?%!,<!*Z,7:5*H!):*(,9&<@!9#*!`77!%$%9*7!,9!b77!eXPJ!(*')<%9(B'9*+!(*%)5B9&)<!
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I,%*+!+*6&'*%H! 9#*$!:()6&+*! ,<! *Z'*55*<9! +*7)<%9(,9&)<!)=! 9#*!7,@<&=$&<@!"C>! ')<'*:9! B%&<@!Q&AMK[!
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